Modification of tuber carbohydrate metabolism by the tuber-specific expression of a yeast invertase targeted to the cytosol or apoplast has previously been demonstrated to have diverse effects on tuber growth and metabolism. In the current study, we generated plants exhibiting tuber-specific expression of the same enzyme targeted to the vacuole. Enzymatic analysis of the carbohydrate levels of the tuber revealed dramatic decreases in sucrose content coupled with large increases in the levels of glucose and hexose phosphates, but unaltered starch content in the transformants. Analysis of the key enzyme of glycolysis suggests that this pathway is down-regulated in the transformants. Despite these changes in metabolite pools and enzyme activity, few consistent changes could be observed in the estimated metabolic fluxes following incubation of isolated tuber discs in labelled glucose. The analysis of the relative levels of a wide range of metabolites using a gas chromatography-mass spectrometry (GC-MS)-based metabolite profiling method revealed large changes in the levels of fructose and decreases in a range of other sugars, but very few changes in the contents of organic and amino acids. This metabolic profile is remarkably consistent with that obtained following expression of the invertase in the apoplastic compartment, providing circumstantial evidence for the endocytotic trafficking of sugars within potato tuber parenchyma. Finally, the results of this study are compared with those from other plant species and the relative roles of the vacuolar isoform of the enzyme are contrasted.
Introduction
In the majority of plants, sucrose is the end-product of photosynthesis and is transported via the phloem to sink organs (Patrick 1997, Oparka and Cruz 2000) . The subsequent use of sucrose as a metabolic substrate proceeds by catabolic reactions catalysed by various isoforms of sucrose synthase and invertase. In the developing potato tuber (Solanum tuberosum L.), the invertase pathway is of considerable importance at the beginning of tuberization; however, sucrose synthase achieves a prominent role in sucrose degradation beyond this developmental stage (Appeldoorn et al. 1997) . Since the activities of sucrose synthase and UDP-glucose pyrophosphorylase (UGPase) (the next enzyme in this pathway of sucrose degradation) are exclusively cytosolic, it follows that sucrose must be translocated from the phloem into the cytosol of tuber parenchyma cells. Several possible routes exist that could fulfil this requirement, including both symplastic and apoplastic routes (see Oparka and Prior 1992 , Lalonde et al. 1999 . However, 14 C labelling studies strongly suggest that the pattern of unloading is temporally regulated in a similar manner to the route of sucrose degradation, with apoplastic unloading predominating in early developmental stages but symplastic unloading predominating following stolon swelling (Viola et al. 2001 ). In the case of apoplastic unloading, the first step of this process must be the export of sucrose from the sieve element companion complex. The subsequent uptake of sucrose into the storage parenchyma is then mediated by one of three possible routes: (i) import by sucrose uptake carriers (Kühn et al. 2003) ; (ii) cleavage of sucrose by apoplastic invertase and subsequent uptake by hexose transporters Sonnewald 1995, Giaquinta 1977) ; or (iii) uptake by endocytosis as indicated by studies using fluorescent dyes (Oparka and Prior 1988) .
Following delivery of sucrose to the tuber parenchyma it is mobilized to fuel the wide range of biosynthetic reactions occurring during heterotrophic metabolism including amino acid and protein synthesis, but dominated by starch synthesis . A detailed study of the activity of the two potential routes of sucrose degradation unequivocably showed that whereas acid invertase predominates during early stages of tuberization, sucrose synthase becomes the major sucrolytic activity once starch formation becomes the major sink for the incoming sucrose (Appeldoorn et al. 1997) . This switch parallels a switch in sucrose unloading from apoplastic to symplastic and is characterized by a down-regulation of apoplastic invertase and an enhanced sucrose synthase activity, with cytosolic and vacuolar invertase maintained at relatively low concentrations throughout development. In addition, sucrose has been postulated to regulate the rate of heterotrophic amino acid biosynthesis (Fernie, Tiessen et al. 2002 , and to be sensed by plasma membrane factors that can regulate intracellular metabolism (Lalonde et al. 1999 , Fernie, Roessner and Geigenberger 2001 . Previous transgenic experiments have indicated that the overexpression of a yeast invertase or a bacterial sucrose phosphorylase in the cytosol of the potato tuber has dramatic consequences on metabolism in this organ , Trethewey et al. 1998 , Bologa et al. 2003 . In contrast, the expression of invertase in the apoplast has dramatic morphological impact, resulting in hugely increased tuber size, but little effect on metabolism , Hajirezaei et al. 2000 . The importance of apoplastic invertase as a determinant of agronomic yield has also been demonstrated in tomato via the use of quantitative genetics. Following this approach, the quantitative trait locus (QTL) for total soluble solids that was determined using interspecific introgression lines resulting from the crossing of the elite cultivated tomato Solanum lycopersicum and its wild relative S. pennellii was delineated to a single nucleotide polymorphism (SNP) in an apoplastic invertase (Fridman et al. 2004) . This SNP was subsequently demonstrated to confer a change of function in the binding efficiency of the enzyme for sucrose (Fridman et al. 2004) , and as a consequence to be able to modulate the rate of sugar import into the fruit (Baxter et al. 2005) . Similarly, the tissue-constitutive antisense inhibition of either apoplastic or vacuolar invertases in transgenic carrots resulted in altered plant development Tang 1999, Tang et al. 1999) . Furthermore, evidence has accumulated in various species that compartmentation of sucrose may also have ramifications on various signal transduction pathways (Fernie, Roessner and Geigenberger 2001 , Tiessen et al. 2003 , Lara et al. 2004 ). In the current study, we describe the expression of the yeast invertase in the vacuole in a tissue-specific manner. Whilst there was no consistent change in tuber morphology in the generated lines, a comprehensive biochemical study revealed changes in a broad range of sugars but little change in starch or amino acid levels. Since glycolysis is up-regulated at the enzyme level in plants overexpressing invertase in the cytosol (Trethewey et al. 1998) , we evaluated key activities of these enzymes in the vacuolar invertase plants. In these lines, these enzymes were, however, if anything, down-regulated. Despite the decrease in capacity for glycolysis, there was little difference in intracellular fluxes in these lines. Statistical comparison of these results with those previously recorded for the apoplastic expression of invertase in the tuber , Hajirezaei et al. 2000 revealed that the two transgenic situations essentially phenocopied one another. These results are discussed with regard to the influence of vacuolar sucrose cleavage in the tuber as well as in the context of current models of sugar trafficking, compartmentation and metabolism.
Results

Preparation and selection of transgenic plants
The cDNA encoding yeast invertase was cloned into a plant transformation vector in-frame with the vacuolar targeting sequence of patatin between the B33 patatin promoter and the nopaline synthase (nos) terminator (Rocha-Sosa et al. 1989) . The targeting sequence that we used here to confer vacuolar localization has previously been demonstrated to be highly efficient in leaves from both tobacco (Sonnewald et al. 1991) and potato (Büssis et al. 1997) . Wild-type potato leaves were transformed with this construct using an Agrobacteriummediated protocol (Dietze et al. 1995) , and 55 transgenics were transferred to the greenhouse for screening. Potato plants were grown in 2 liter pots and tuber samples were taken after 10 weeks of plant growth for enzymatic screening (Fig. 1) . From the initial 55 lines, four were selected for further study. These lines were amplified and six replicates of each line were grown in 2 liter pots to confirm the presence of high invertase activity. In this second screen, increases of invertase activity of between 50-and 280-fold that found in the wild type were observed (Table 1) ; this increase is considerably lower than that found in the plants expressing the yeast gene targeted to the apoplast (>1,000-fold increase; Sonnewald et al. 1997) or the cytosol (up to a 1,000-fold increase; Sonnewald et al. 1997 ) on a relative level. However, it is important to note that the actual maximal increase in activity is more similar in the vacuolarand apoplast-expressing transgenics (826 nmol min -1 gFW -1 vacuolar and 4,300 nmol min -1 gFW -1 apoplast expressor) and that the elevation in invertase activity in the line presented here is very similar to that of the mild cytosolic expressor Inv-42 (1,942 nmol min -1 gFW -1 ) which has a phenotype distinct from the wild-type , Roessner, Luedemann et al. 2001 ).
Non-aqueous fractionation for confirmation of vacuolar targeting
In order to confirm that the enhanced invertase activity of the transformants was successfully targeted to the vacuole, we carried out a non-aqueous fractionation study. The principle of this method is the separation of lyophilized tissue particles in a non-aqueous medium. The central assumption made is that the metabolites and proteins in a particular region of the cell aggregate together as the plant material is lyophilized (Stitt et al. 1989 ). Here we used a ball mill followed by 2 min of sonication that has previously been demonstrated to result in small enough particles to allow good resolution of the cell (Farre et al. 2001 ). Fig. 2 shows the marker enzyme distributions of the fractionated material, in addition to the distribution of invertase activities across the gradients. The marker enzyme distribution was similar to that documented previously (see for example Riens et al. 1991 , Farre et al. 2001 in that the separation of the organelles is not complete, but is sufficient for calculating the metabolite distributions in the three main compartments (cytosol, plastid and vacuole) using the deconvolution approach described by Riens et al. (1991) . Comparison of the activity of invertase across the gradient with the marker enzyme distributions (α-mannosidase for the vacuole; UGPase for the cytosol; and ADP-glucose pyrophosphorylase for the plastid) revealed that in both the wild type and the transgenic line VacI-7, invertase was almost exclusively localized to the vacuole. Fig. 2 Enzyme distribution of fractionated material from developing tubers of wild type and line vac-I7. Tuber samples were taken concomitantly with those for the analysis described in Fig. 1 . The tissue was then fractionated using a non-aqueous fractionation procedure and the activities of acid and neutral invertase were determined, alongside those of marker enzymes (mannosidase for the vacuole, ADP-glucose pyrophosphorylase for the plastid and UGPase for the cytosol). Data represent the average percentage activity in each fraction of three replicates per genotype.
Vacuolar sugar metabolism 280
Between 97 and 100% of the total activity was predicted to reside in this compartment, with the remaining 0-3% predicted to be cytosolic by use of the BESTFIT computer program (Riens et al. 1991) . In the case of the wild type, this is to be expected since the major route of sucrose degradation is via sucrose synthase in later stages of tuber development (Appeldoorn et al. 1997) ; the finding that the activity in the transgenic line follows the same pattern is, however, strong evidence for the successful vacuolar targeting of the transgene product.
Phenotypic analysis
The selected transgenic lines were grown in 2 liter pots in the greenhouse alongside wild-type controls, and tuber yield and plant morphology were determined. To counteract the usual considerable variation of yield trials, we grew at least 12 plants per line in two different seasons to ensure that a reliable data set was obtained. In the first trial (on 12 plants per line), lines vac1-7, vac1-33 and vac1-37 produced a significantly higher number of tubers (Fig. 3A) . Whilst the tubers were generally smaller (Fig. 3E) , those of line vacI-34 were of similar size to the wild-type, resulting in a significant increase in yield in this line (Fig. 3C) . There was also a trend to decreasing tuber density in the transgenics (Fig. 3G )-an accurate and direct indication of the starch content. When this experiment was repeated at a larger scale (25 plants per line), these changes were generally not apparent, with little change in tuber number (Fig. 3B ) or weight per plant (Fig. 3F ). The tuber density was, however, consistently reduced ( Fig. 3H ) and the total tuber yield of line vacI-34 was again significantly enhanced (although in this experiment the yield of all the other lines was significantly compromised; Fig. 3D ).
Carbohydrate levels within the transgenic lines
In order to confirm the results of the density trials, we analysed the starch content in harvested tuber material from 10-week-old plants of a third independent harvest, grown in identical greenhouse conditions to the first harvest described above, by direct enzymatic measurement. There was, surprisingly, no change in the level of starch in the transgenics (Fig.  4C ). We also determined the sucrose (Fig. 4A ) and glucose ( Fig. 4B ) levels in the transformants. The level of sucrose was reduced in all the transgenics to approximately 20% of that found in wild type, whilst the level of glucose increased up to 5-fold. There were mild increases in the levels of glucose 6- 
Metabolism of labelled glucose in isolated tuber slices of vacI lines
In order to analyse the dominant fluxes of carbohydrate metabolism in the transgenic lines, freshly cut slices of the same growing potato tubers used for the carbohydrate measurements described above were incubated with 2 mM [U 14 C]glucose (Fig. 5 ). Labelled glucose was preferred to sucrose due to the large changes in sucrose content in the transformants. Furthermore, this choice of radiolabelled substrate provided the opportunity to measure the rate of sucrose (re)synthesis and allowed comparison of the results with those previously documented for the cytosolic invertase lines (Trethewey et al. 1999) . There was no difference in the rate of [U 14 C]glucose uptake in the transgenic lines with respect to that observed for the wild type (Fig. 5A ). The proportion of radiolabel that was metabolized was marginally, but significantly, increased in the transformants (Fig. 5B ). There was a clear trend to a decreased proportion of label incorporation into starch in the transformants (significantly in line vacI-37; Fig. 5C ), whereas the proportion of label recovered in the dissacharide fraction ( Fig.  5D ) and carbon dioxide ( Fig. 5E ) was significantly increased in the transformants. The proportion of label recovered in phosphoesters ( Fig. 5F ) and amino acids ( Fig. 5H ) was stable across the lines, whilst the proportion of radiolabel recovered in organic acids was decreased in line vacI-37 (Fig. 5G ). Given that labelling experiments are difficult to interpret when treatments that modify label uptake or turnover (Geigenberger et al. 1997 , Fernie, Roscher et al. 2001 ) are compared, we next determined the specific activity of the hexose phosphate pool. For this purpose, the label retained in the hexose phosphate pool was divided by the summed carbon in the hexose phosphate pool (see Geigenberger et al. 1997 for an exact explanation of the calculations involved). The specific activity was decreased significantly in line vacI-34 but was relatively unaltered in the * * * * * * * * * * * * Fig. 4 Carbohydrates and hexose phosphates in wild-type and vacI plants. Sucrose (A), glucose (B), starch (C), glucose 6-phosphate (D), glucose 1-phosphate (E) and fructose 6-phosphate (F). Extracts were prepared from tuber samples harvested from 10-week-old plants, and carbohydrates and hexose phosphates were determined from six and four individual plants per line, respectively. Values are presented (in µmol gFW -1 for carbohydrates and nmol gFW -1 for hexose phosphates) as means ± SE. Significant differences (P < 0.05 using the Student's t-test) from the wild type are marked with an asterisk. other lines (Fig. 5I) . Whilst there were minor decreases in the rate of starch synthesis (Fig. 5J ), these were not significant in any of the cases. Similarly, the rate of glycolysis was unaltered in the lines (Fig. 5L) . The rate of sucrose synthesis was, however, dramatically increased in line vacI-34.
Effect of vacuolar expression of invertase on glycolytic enzymes
The cytosolic expression of a yeast invertase (Trethewey et al. 1998 ), a bacterial sucrose phosphorylase 14 C into starch (C); disaccharides (D); carbon dioxide (E); phosphoesters (F); organic acids (G); and amino acids (H). The specific activity of the hexose-P pool (I) was estimated by dividing the label retained in the phosphate ester pool by the summed carbon of the hexose phosphates, and was used to calculate absolute fluxes to starch (J), sucrose (K) and glycolysis (L). Values represent the mean ± SE (n = 4). Significant differences from the wild type (P < 0.05 using the Student's t-test) are marked with an asterisk. apoplastic expression of the same yeast invertase did not (Hajirezaei et al. 2000) . In order to ascertain the effect that vacuolar expression of this enzyme has on the glycolytic pathway, we assayed the activities of the key enzymes of glycolysis using assays that had previously been optimized for potato tuber extracts (Fernie, Tiessen et al. 2002 , Veramendi et al. 2002 , using the exact same tuber material as harvested for carbohydrate measurements. In contrast to the observations previously made on the cytosolic expression of enzymes of carbohydrate metabolism, there was generally a minor decrease in the activities of the majority of the enzymes of glycolysis (Table 2) . Whilst there was a tendency for the activities of hexokinase and fructokinase to decrease in the transgenic lines, this was only siginificant in the case of fructokinase in line vacI-7. The activity of phosphoglucomutase was significantly lower in all the vacI lines than that found in wild type. In addition, there were trendwise decreases in the levels of phosphofructokinase, enolase and pyruvate kinase (significantly in line vacI-7), aldolase (significantly in lines vacI-34 and vacI-37) and triose phosphate isomerase (significantly in lines vacI-33 and vacI-37).
Levels of primary metabolites
We next evaluated the effect of the yeast invertase in the vacuole on a broad range of metabolites in the exact same tuber material as harvested for carbohydrate measurements (Table 3) . A total of 59 metabolites were measured by gas chromatography-mass spectrometry (GC-MS) using a well-established protocol (Roessner, Luedemann et al. 2001) . The metabolite measurements largely confirmed the results of the enzymebased tests presented above for sugars, revealing a reduction in sucrose level in the vacI lines and an increase in glucose levels. Interestingly, the fructose levels were also found to increase dramatically up to >30-fold that found in the wild type. Looking at amino and organic acids, it becomes apparent that these metabolites were largely unchanged across the genotypes studied, with the exception of marginal decreases in citrate and increases in glycerate. In contrast, the transgenics showed many differences from the wild type with respect to sugar and sugar alcohol contents. In addition to the changes already mentioned, mannose, sorbitol/galactitol and trehalose were all observed to increase, whereas inositol, mannitol, melezitose and raffinose all decreased in the transformants. (x103) 14.3 ± 0.7 13.4 ± 0.5 12.5 ± 0.3 10.9 ± 1.2 12.6 ± 1.1 GAPdH (x103) 2.5 ± 0.4 1.9 ± 0.3 2.2 ± 0.1 2.4 ± 0.3 2.6 ± 0.2 Enolase 0.58 ± 0.05 0.45 ± 0.03 0.52 ± 0.06 0.70 ± 0.03 0.40 ± 0.04 Pyruvate kinase 1.00 ± 0.06 0.91 ± 0.08 1.14 ± 0.05 1.19 ± 0.10 0.74 ± 0.05 Table 1 ; apoplastic and cytosolic invertase, ) was analysed with PCA algorithms included in the statistical software package 'R'. PCA vectors span a multidimensional space to give the best sample separation, with each point or triangle representing a linear combination of all metabolites of an individual sample. Vectors 1 and 2 were chosen for the best visualization of differences between genotypes and include 67.7% of the information derived from the metabolic variances. The value in parentheses gives the relative contribution of the component to the total variance observed in the data set. Putrescine decreased significantly in all vacI lines down to 40-70% of the levels found in wild type. This pattern of change in metabolite levels was very similar to that found in transgenic lines expressing invertase in the apoplast . In a previous study, we used principal component analysis (PCA) of the metabolic complement of transgenics exhibiting altered sucrose metabolism. These studies were able to discriminate the effects both of two distinct routes of sucrose degradation and of transgenics in which the same transgene is expressed in different subcellular locations , Roessner, Luedemann et al. 2001 ). Here we used PCA (detailed in Fernie, Trethewey et al. 2004 ) to compare the metabolic complements of wild-type plants with those of transformants expressing the yeast invertase in either the apoplastic, vacuolar or cytosolic compartments (Fig. 6 ). This analysis highlights the observation we made above, using point-by-point analysis, that the vacuolar invertase plants are essentially a phenocopy of the apoplastic invertase lines. Analysis of the loading plots of the PCA revealed that the sugars were major determinants of the first principal component and hence of the separation.
Discussion
Tuber-specific expression of yeast invertase targeted to the vacuole Initial experiments investigating the consequences of the tuber-specific expression of a yeast invertase targeted to the cytosol or apoplast revealed similar changes in total cellular carbohydrate levels in the two different transgenics but otherwise quite distinct phenotypes , Trethewey et al. 1998 ). Transgenic tobacco (Sonnewald et al. 1991 , Heineke et al. 1992 ) and potato (Büssis et al. 1997) plants that express the same enzyme targeted to the vacuole have previously been generated. However, in both cases, tissue-constitutive expression strategies were employed and the fact that they exhibited dramatically impaired photosynthetic metabolism rendered the plants unsuitable for the studies of heterotrophic metabolism. For this reason, we generated transgenic potato plants in which the yeast invertase was expressed tuber specifically and targeted to the vacuole. On the basis of preliminary studies, we identified three transgenic lines exhibiting high invertase activity and verified that this was correctly localized to the vacuole to ensure these lines were valid for further study.
Consequences of vacuolar expression of invertase on tuber morphology
The overexpression of invertase in the apoplast, but not in the cytosol, resulted in an increased tuber size , and the antisense inhibition of vacuolar invertase in carrot plants had a dramatic impact on tap root morphology ). We performed two yield trials on the transgenic plants generated here to see if the morphology was similarly altered following expression of the invertase in the vacuole. However, with the exception of the significant increase in tuber yield in line vacI-34, any changes that were observed in morphological parameters were not conserved across the experiments. Whilst the lack of conservation in the yield trials is at first glance somewhat surprising, the fact that one of these yield trials was carried out under limited environmental control whilst the other was under tight environmental control most probably explains this discrepancy. Although potentially interesting, the increase in total tuber yield in line vacI-34 should not be over-interpreted since the result was confined to this single line which only expressed the transgene at a moderate level.
Effect of vacuolar expression of invertase on tuber metabolism
Previous studies have indicated that expression of high sucrolytic activities in the cytosol (Trethewey et al. 1998 , Hajirezaei et al. 2000 , Roessner, Luedemann et al. 2001 ) and even within the plastid (Gerrits et al. 2001 ) of potato tubers can have dramatic metabolic consequences. Expression of the invertase in the apoplast, however, resulted in only a relatively small perturbation of metabolism (Hajirezaei et al. 2000 , Roessner, Luedemann et al. 2001 , consistent with that observed following the feeding of hexoses to isolated tuber discs . Furthermore, the introduction of a bacterial glucokinase in the cytosol of these lines did not significantly modify their metabolism . The lines generated here conferring vacuolar targeting of the invertase much more closely resemble those in which the invertase is targeted to the apoplast than those in which it is expressed at a cytosolic location.
Consistent with the fact that the majority of sucrose accumulates in the vacuole of tuber parenchyma cells (Farre et al. 2001) , high-level expression of invertase in this compartment resulted in considerable reduction of tuber sucrose levels and subsequently accumulation of hexoses and hexose phosphates. Interestingly, the accumulation of fructose and fructose 6-phosphate is more pronounced than that of glucose and glucose 6-phosphate. This observation is somewhat surprising since the invertase reaction produces stochiometrically equivalent amounts of glucose and fructose, and the cytosolic isoform of phosphoglucose isomerase is believed to operate near equilibrium in vivo (Kruger 1997 , Farre et al. 2001 . Two possible explanations can be put forward to explain these observations: since there are no hexose kinases in the vacuole, the differences must be due either to differential transfer of glucose and fructose across the tonoplast membrane or to different demands of the hexose monophosphates formed on their phosphorylation. The other data presented here suggest that the former is more likely since the rates of starch synthesis (which preferentially uses glucose 6-phosphate) and glycolysis (which preferentially uses fructose 6-phosphate) are similar in the transgenic lines. However, the relatively poor current understanding of transport processes at the tonoplast membrane means that further experimentation would be required to confirm this hypothesis. Analysis of a broader range of metabo-lites revealed that metabolic change in these lines was largely confined to sugars and closely associated metabolic derivatives thereof. Inositol, manitol and melzitose also decreased in these lines and, whilst there were increases in mannose and trehalose and sorbitol and galactitol, these are unlikely to offset the loss in osmotic potential caused by the large reduction in sucrose content. In a previous study, we identified that the amino acid content, and to a lesser extent composition, of the tuber showed a strong negative correlation to the tuber sucrose content . However, the plants in the present study do not display greatly altered amino acid contents despite being characterized by a major decrease in sucrose content. The implications of this observation for the regulation of heterotrophic amino acid biosynthesis and of intracellular sugar transport are discussed below. When other metabolites are considered, there is also very little consistent change in the transgenics with respect to the wild type. Thus the changes in metabolite contents are incredibly similar to those observed in the apoplastic invertase-expressing tubers ) and are, therefore, similar to those observed following incubation of tuber discs in high concentrations of hexose (Roessner, Luedemann et al. 2001) . In keeping with the observation that there are few changes in steady-state metabolite levels is the observation that there is little difference in the metabolic fluxes assayed in isolated tuber discs from these plants. The exception to this statement is the increase in the rate of sucrose (re)synthesis in line vacI-34. That the rate of sucrose resynthesis would be elevated in the transgenics would perhaps be expected on the basis of data accumulated for a range of transgenic tubers exhibiting either elevated sucrose mobilization (Trethewey et al. 1999 , Fernie, Tiessen et al. 2002 or merely increased levels of hexose phosphates (Sweetlove et al. 1999 . However, it is interesting to note that in this instance the increase observed is relatively minor and that it is confined to a single transgenic line.
Effect of expression of invertase in the vacuole on activities of the glycolytic pathway
Previously the expression of invertase (Trethewey et al. 1998) , sucrose phosphorylase or xylose isomerase in the cytosol has been demonstrated to result in up-regulation of glycolysis, whereas the expression of invertase in the apoplast did not (Hajirezaei et al. 2000) . We have previously interpreted these data to suggest that glycolysis is regulated by the demand for ATP (Fernie, Tiessen et al. 2002, Fernie, Carrari and Sweetlove 2004) , in a manner analogous to that defined in Escherichia coli (Koebmann et al. 2002) . However, in the current study, the expression of invertase in the vacuole resulted, if anything, in a down-regulation of glycolysis, despite the fact that they do not display major alterations in other fluxes. Whilst these results do not directly contradict our previous hypothesis, the regulation of glycolysis appears to be considerably more complex than previously thought, and is clearly not exclusively regulated by ATP demand. This observation is, however, in accordance with the observation that plant glycolysis is unusually not subject to allosteric regulation by adenylates (Fernie, Carrari and Sweetlove 2004) .
Metabolic compartmentation and trafficking of photoassimilates
Given that the results observed here are remarkably similar to those obtained on the evaluation of tubers expressing invertase in the apoplast, it follows that the compartmentation of sucrose degradation in the vacuole is similar to that in the apoplast. The absolute levels of hexose phosphate recorded here are, however, much higher than those recorded previously (Hajirezaei et al. 2000 . Given that the activity of invertase was similar in both sets of plants, this suggests that the hexose pools of the vacuole are more intimately associated with enzymes of cytosolic metabolism than those of the apoplast. However, more direct study of hexose transport, perhaps involving reverse genetics of recently cloned hexose transporters (Sherson et al. 2000 , Etxeberria et al. 2005 , is probably required to clarify this. That changing the rate of sucrose degradation in the vacuole, or for that matter the apoplast, had little effect on the rate of amino acid biosynthesis and caused a down-regulation of glycolysis is also intriguing since this observation may suggest a cytosolic sugar sensor (Lalonde et al. 1999) .
The fact that the metabolic phenotype is almost identical to that observed on the expression of the invertase in the apoplast makes it tempting to suggest that these compartments are physically linked. Indeed, evidence for such a linkage, i.e. endocytotic trafficking of sugars, is present in the literature (Oparka and Prior 1988 , Etxeberria et al. 2005 . The evidence obtained to date comes mainly from studies using fluorescent dyes which appear to travel across the tuber parenchyma in membrane-bound vesicles. In keeping with this subcellular fractionation, studies on transgenic tobacco leaves expressing invertase in the apoplast revealed that the glucose produced accumulated mainly in the vacuole (Heineke et al. 1992 ). Another indication for a possible trafficking of sugars stems from the analysis of potato plants overexpressing the yeast invertase constitutively. Cleavage of sucrose in the apoplast led to a dramatic increase in apoplastic hexose contents with little change in the contents of phosphorylated intermediates (Heineke et al. 1992) . Endocytotic trafficking could have prevented phosphorylation of hexoses during the passage through the cytosol to the vacuole. Similarly, the metabolism of transgenic potato tubers expressing an invertase in the apoplast was barely altered following the expression of a second transgene, a bacterial glucokinase, in the cytosol , implying that the glucose produced was not readily available for cytosolic metabolism. The finding that the vacuolar and apoplastic expression of yeast invertase in potato tubers effectively phenocopy one another adds further support for an endocytotic role for the trafficking of sugars.
Conclusion
The tuber-specific overexpression of yeast invertase in the vacuole of potato has little influence on tuber morphology or metabolism. On a metabolic level, the resultant transformants were very similar to those expressing the invertase in the tuber apoplast; however, in the case of the vacuolar expression, there was no change in tuber size. Although the level of transgene expression in the case of apoplastic targeting is considerably lower than that observed in the cytosolic plants when expressed as a function of the subcellular activity, it is highly unlikely that this is the reason for the differing phenotypes since cytosolic lines exhibiting very similar invertase activities to those presented here also displayed a severe phenotype . In addition to the speculation concerning sugar trafficking discussed above, these results also imply that sucrose cleavage in the vacuole of the potato tuber is not of great consequence to the cell in general despite the fact that invertase activity is almost exclusively located in this organelle in the developing tuber (see Fig. 2 ). This result is somewhat surprising in the light of recent research findings from other species (excellently reviewed in Roitsch and Gonzalez 2004) . There is increasing evidence for tight multilevel regulation of vacuolar invertase including transcriptional regulation of the enzyme itself (Wang et al. 2005) , and of specific vacuolar invertase inhibitor proteins (Link et al. 2004) in sweet potato and Arabidopsis, respectively. Furthermore, the expression of the invertase has also been demonstrated to be up-regulated by glucose and abscisic acid in maize ) and by sucrose, auxin and light in mung bean hypocotyls (Yun et al. 2002) . Although these studies have not yet fully elucidated the role of the vacuolar invertase in these diverse species, it is apparent that they are under tight regulation. One possible explanation for the lack of a major effect of overexpression in the potato tuber may be the predominance of the sucrose synthase pathway of sucrose degradation in this organ (Appeldoorn et al. 1997, Fernie and . Utilizing an adapted version of the AlcR gene expression system (Junker et al. 2003) , we created potato tubers expressing this enzyme cytosolically, tuber specifically and in a temporally controlled manner. This approach was able to dissect primary and pleiotropic effects of the genetic manipulation (Junker et al. 2004) , and supported our earlier assertion that a large number of the consequences of its expression in this pathway were due to the by-passing of the endogenous sucrose synthase pathway (Bologa et al. 2003) . The fact that transgenics expressing invertase in the vacuole, or the apoplast for that matter, display completely different phenotypes from those in which the protein is targeted to the cytosol is also in keeping with this hypothesis. However, given the mild phenotype of the plants made in this study, there was no need to dissect temporally the metabolic and morphological consequences of this manipulation.
Although the results of the present study did not reveal a major impact of altering vacuolar invertase activity, it is important to bear in mind that much of the cumulative data from other species implicate a role for this isoform under specialized conditions such as anther development (Dorion et al. 1996) or adaptation to water stress (Qin et al. 2004 ). This observation suggests that future experiments aimed at analysing the role of the vacuolar invertase in the potato tuber should be focused on understanding its contribution to these processes.
Materials and Methods
Materials
All enzymes and substrates were from Roche Diagnostics (Mannheim, Germany) with the exception of acid phosphatase and UDPglucose from Sigma Chemical Co. (Deisenhofen, Germany). Radiolabelled glucose was from Amersham International (Braunschweig, Germany). Thin-layer chromatography (TLC) plates were from Sigma Chemical Co.
Plant material
Solanum tuberosum L. cv. Desiree was obtained from Saatzucht Lange AG (Bad Schwartau, Germany). Plants were maintained in tissue culture with a 16 h light, 8 h dark regime on Murashige and Skoog medium (Murashige and Skoog 1962) which contained 2% sucrose. In the greenhouse, plants were grown under the same light regime with a minimum of 250 mmol photons m -2 s -1 at 22°C. However, two different greenhouses were used: controlled glasshouses in which these settings were maintained throughout the growth period and semicontrolled greenhouses in which these settings represented defined minima but the plants were more exposed to 'field-like' conditions. In this study, the term developing tubers is used for tubers (>10 g FW) harvested from healthy 10-week-old plants.
Generation of transgenic lines
The suc2 gene from Saccharomyces cerevisiae was cloned inframe with the vacuolar targeting sequence of the tuber storage protein patatin using the SalI and PstI restriction sites available in the cloning vector used (pBINAR). The resultant 1.8 kb chimera was then excised by Bsp120I and SmaI restriction and ligated into the SmaI site of the plant transformation vector pBinB33Hyg (Liu et al. 1990 ). This construct was introduced into potato by an Agrobacterium-mediated transformation protocol (Rocha-Sosa et al. 1989 ). The resultant transformants were selected on hygromycin-containing media (Liu et al. 1990 ). Initial screening of around 55 plants was performed at the enzyme activity level in tubers harvested from plants grown in 2 liter pots under greenhouse conditions. A second screen was then performed with tubers from six plants per line for the four pre-selected lines chosen for further study.
Non-aqueous fractionation of potato tuber tissue
Frozen tuber tissue (approximately 5 g FW per gradient) of wild type and the transgenic line Vac-I7 (as the line exhibiting the strongest increase in total invertase activity) was homogenized using a ball mill pre-cooled in liquid nitrogen, lyophilized for 48 h and resuspended in 20 ml of a tetrachloroethylene : heptane mixture 66 : 34 (v/v). The non-aqueous fractionation procedure was carried out as described by Farre et al. (2001) , whilst the subcellular distribution of enzyme activities was evaluated as described in Lytovchenko et al. (2005) .
Enzyme analysis
Extraction of tuber material was as described in Tauberger et al. (2000) . Invertase activity was determined as described by Bologa et al. (2003) , mannosidase, alkaline pyrophophosphatase and UGPase were Downloaded from https://academic.oup.com/pcp/article-abstract/47/2/277/1862066 by guest on 12 March 2019 Vacuolar sugar metabolism 288 determined as described by Farre et al. (2001) , and all other enzyme were determined as described in Fernie, Roscher et al. (2001) .
Determination of tuber metabolite levels
Sucrose, glucose and starch were determined exactly as described in Fernie, Tiessen et al. (2002) and hexose phosphates were determined as described by Gibon et al. (2002) . The relative levels of other metabolites were quantified by following an established GC-MS protocol (Roessner, Luedemann et al. 2001 ).
Tuber disc labelling experiments
Tuber discs (diameter 10 mm, thickness 2 mm) were cut from growing tubers attached to the fully photosynthesizing mother plant. These discs were then washed three times with 10 mM MES (pH 6.5; KOH) and incubated (using conditions defined in Fernie, Tiessen et al. 2002) for 2 h in 10 mM MES-KOH (pH 6.5) containing 2 mM glucose including 7.4 GBq ml -1 [U 14 C]glucose (Amersham-Buchler, Freiburg, Germany). The discs were then harvested, washed three times in buffer and frozen in liquid nitrogen.
Fractionation of
14
C-labelled tissue extracts Frozen tuber tissue was extracted successively for 10 min in 5 ml of 80% (v/v) ethanol, 2 ml of 50% (v/v) ethanol, 2 ml of 20% (v/v) ethanol, 2 ml of H 2 O and finally 2 ml of 80% (v/v) ethanol. The supernatants were combined and dried down under vacuum, the ethanolsoluble components were resuspended in 2 ml of H 2 O and separated into neutral, anionic and basic fractions as in Fernie, Roessner and Geigenberger (2001) . The label in phosphoesters was analysed as described in Geigenberger et al. (2000) . Sucrose, glucose and fructose were separated by TLC as in Fernie, Roscher et al. (2001) , identified by co-chromatography with authentic standards and counted. The insoluble plant material left following ethanol extraction was separated into starch, protein and cell wall components as described in Runquist and Kruger (1999) . The recovery of radioactivity during fractionation was typically between 90 and 105% of that applied.
Statistical analysis
The t-tests have been performed using the algorithm embedded in Microsoft Excel (Microsoft Corporation, Seattle, WA, USA). The term significant is used in the text only when the change in question has been confirmed to be significant (P < 0.05) with the t-test. PCA was carried out using the algorithms embedded in the statistical software package 'R'.
